An experimental investigation was made on a turbulent boundary layer near the trailing edge on a long flat plate with a blunt trailing edge. The flow was controlled by an additional splitter plate attached to the trailing edge along the wake center line. The length of the splitter plate, l, was varied from 0.3 to 3 times the trailing edge thickness, h. Measurement of fluctuating velocity was made under the freestream zero pressure gradient. Almost independent of the installation of the splitter plate, the turbulent intensity and the Reynolds shear stress in the inner layer decreased when approaching the trailing edge of the flat plate (x / h＝0), compared with that in the fully-developed turbulent boundary layer under the zero pressure gradient. The only exception was the distribution at x / h＝0 near the wall in the case without the splitter plate (l / h＝0), where the degree of the decrease in u rms / U e was relatively small, and v rms / U e and -uv / U e 2 were larger than those of the zero pressure gradient. The effect of l / h on turbulent quantities was shown just upstream of the trailing edge upon close comparison, and was classified into two groups: l / h＜1 and l / h≧1. The tendency of the turbulent energy production terms approaching x / h＝0 coincided with the decrease in the streamwise turbulent intensity and in the Reynolds shear stress.
Introduction
In our previous paper (1) , the authors investigated the base pressure and the properties in the boundary layer near the trailing edge of a long flat plate (100-h-long, h＝thickness of flat plate) by changing the length of the splitter plate, l. The results revealed a remarkable difference in the base pressure between a long flat plate and a short flat plate in the case without the splitter plate, and the effect of l / h on the base pressure coefficient and the mean velocity field was classified into two categories, for the cases of l / h＜1 and l / h≧1, respectively. Since the above effect of l / h is closely connected with the vortex structure formed behind the long flat plate, the vortex strength and scale, and its shedding frequency were investigated in our follow-up paper (2) . This suggests, therefore, that the difference in turbulent quantities may appear in the boundary layer depending on the value of l / h. In a related study on flow past a backward-facing step, Narayanan et al. (3) showed the variation in the reattachment length x r by changing the step height h s . In the cases of l / h＝3 ～5 (x r / h＝2.4) in our long flat plate (2) , x r / h s for h s /δ (δ as boundary layer thickness)
coincides with the result of Narayanan et al. (3) . This suggests the possibility that the turbulent quantities for l / h＝3 resemble that of a backward-facing step. Unfortunately, measurement of fluctuating velocity upstream of the separation point is limited on a flow past a backward-facing step (4) or on similar flow fields. In addition, there exists a favorable pressure gradient (velocity excess (1) ) in the inner layer of the boundary layer near the trailing edge (but not in freestream) of the test flat plate, then streamwise variation in the turbulent intensity are interesting.
With the above consideration in mind, the objective of this work was to investigate whether or not the turbulent quantities near the trailing edge vary with the change in boundary layer according to the length of the splitter plate (six types of l), attached to the trailing edge on a long flat plate. Moreover, we discuss the influence of velocity excess near the wall in the vicinity of the trailing edge on the turbulent structure from the viewpoint of the production terms of the turbulent energy. Our study will provide useful engineering knowledge for the improvement of flow around aerofoils with a blunt trailing edge, e.g., (5) , and the initial condition of cascades etc. 
Nomenclature

Experimental Apparatus and Techniques
Configuration of Flow Field and Coordinate System
The configuration of the flow field is the same as in our previous paper (1) . A wind tunnel of open-circuit type has a 4000-mm-long rectangular working section with an inlet area approximately 560 mm-wide×350 mm-spanwise long. The test section is located downstream of the outlet nozzle. A test flat plate 20-mm-thick (h)×2000 mm-long made of polyvinyl chloride (PVC) is set vertically along the center line of the test section in the front position. Figure 1 shows the schematic flow field (xy plane), test flat plate, coordinate system and nomenclature. The coordinates of x and y are determined as the streamwise distance from the trailing edge and the normal distance from the surface of the test flat plate, respectively. To establish a developed turbulent boundary layer, trip wires 1 mm in diameter were placed 100 mm downstream of the leading edge of the test flat plate on both sides of the plate. In order to maintain the constant freestream static pressure along the working section, the sidewalls and flaps, 100-and 200-mm-long, of the test section were adjusted (width of the working section slightly changed along x). Thus, the freestream zero pressure gradient could be maintained for all experimental conditions. Measurement of the freestream static pressure was conducted with wall static pressure holes (40 holes each) at y 
Splitter Plate
A splitter plate made of stainless steel (2 mm-thick×350-mm-long-spanwise) is set vertically in the center line of the test section just behind the trailing edge of the test flat plate. Since the thickness of the test flat plate, h, is 20 mm, the step height, h s , formed by the splitter plate, becomes 9 mm. The length of the splitter plate was adjusted l＝6, 10, 20, 30, 40 and 60 mm (l / h＝0.3～3, six types of l). The flow field was controlled by changing l / h (1) .
Measuring Techniques
Measurement of the instantaneous velocity in the boundary layer was conducted with a X-hot-wire probe (a pair of tungsten filaments 5 µm in diameter and 1 mm in sensor length arranged parallel to the other with a crossing angle of 91 deg) operated by a constant temperature anemometer. Instantaneous velocity signals were converted into digital data sets with a sampling frequency of 10 kHz for 20 seconds, and the output data were calculated with a personal computer. Measurements of the turbulent quantity distribution are executed on the six cross sections of x / h＝-20, -10, -5, -2.5, -0.5 and 0 (trailing edge).
Results and Discussion
Turbulent Quantity Distribution in Boundary Layer near Trailing Edge of Flat Plate
We have shown that within an inner layer in the turbulent boundary layer near the trailing edge, the mean velocity increased more than that in the upstream position. We called the characteristic the mean velocity excess (acceleration tendency) (1) . The level of velocity excess (beyond the velocity distribution under the freestream zero pressure gradient) changed depending on the length of the splitter plate attached (1) . Therefore, in this section, we will investigate the characteristics of the fluctuating velocity profiles in the boundary layer near the trailing edge of a long flat plate. Figure 2～4 show distributions of the turbulent intensity profiles and the Reynolds shear stress profiles in the boundary layer in the range of x / h＝-20 to 0. In these figures, a comparison is made between the result in the case without the splitter plate and that in the cases of l / h＝0.3 to 3. u rms and v rms are rms value of the streamwise fluctuating velocity u and the rms value of the normal fluctuating velocity v, respectively. The Reynolds shear stress is given by using the time average of the product of u and v, as uv. The turbulent quantities on the ordinate are non-dimensionalized with the local velocity at the boundary layer edge U e . Normal distance from the flat plate surface y on the abscissa is non-dimensionalized with the boundary layer thickness δ. The Reynolds number based on the momentum thickness R θ for the present study is about 3000 near the trailing edge (for detail, with a single-hot-wire probe, see Figure 8 (b) in reference (1)). Independent of the installation of the splitter plate, at x / h＝-20 and -10, the turbulent intensity u rms / U e and v rms / U e and the Reynolds shear stress are kept similar to that of a fully-developed turbulent boundary layer on the smooth wall under the zero pressure gradient (hereafter ZPG, R θ ＝2980), as in Osaka et al. (6) , as shown by the dash-dotted line. The solid line in these figures indicates the result of Klebanoff (7) for reference.
We investigate the streamwise variation toward the trailing edge (x / h＝0) for each turbulent quantity. First, the value of u rms /U e in Fig. 2 starts to decrease at x / h＝-5 about the region of y / δ＜0.5 from the value of ZPG. At the downstream range after x / h＝-2.5, u rms /U e decreases remarkably and the decreasing range expands toward the boundary layer edge as approaching the trailing edge. This important tendency is independent of the installation of the splitter plate. We examine u rms /U e in detail at x / h＝0 in the inner layer (y /δ≒0.1). As for the case with the splitter plate, the value of u rms /U e is about 10% smaller than that of ZPG. On the other hand, as with the case without the splitter plate (indicated by "without SP"), the value of u rms /U e is larger than that in the case with the splitter plate and is only about 4% smaller than that of ZPG. Fig. 3 , the streamwise variation in v rms / U e is relatively small, unlike the change in u rms /U e and the undermentioned -20uv/U e 2 . In the exceptional case without the splitter plate, at x / h＝0 in the inner layer (y /δ≒0.1), the value of v rms /U e is about 120% of that of ZPG. toward the boundary layer edge as approaching the trailing edge, the same as u rms /U e . We examine -20uv/U e 2 in detail at x / h＝0 in the inner layer (y /δ≒0.1). As for the case without the splitter plate, -20uv/U e 2 has a considerably large value, about 20% greater than that of ZPG. In the case of l / h≧1, however, -20uv/U e 2 is about 15% less than that of ZPG. We will investigate l / h＜1 in what follows. Now, we roughly summarize the fluctuating velocity profiles: (1) with or without the splitter plate, the peak values of the turbulent quantities in the inner layer tend to decrease toward the trailing edge, and (2) the remarkable increase in the turbulent quantities at the trailing edge was suppressed by the installation of the splitter plate. We can systematically arrange l / h as 0.3, 0.5 and 1 according to the level of the suppressive effect of the abrupt increase in v rms /U e and -20uv/U e 2 upon close comparison at x / h＝0 in Figs. 3 and 4 . Therefore, the effect of the length of the splitter plate on turbulent quantities can be classified into two groups (l / h＜1 and l / h≧1). This coincides with the fact that influence of l / h on the base pressure and the mean velocity field (1) and on the vortex structure (2) can also be classified similarly.
Furthermore, detailed streamwise variation in turbulent quantities at the heights of the inner layer y /δ≒0.1 and 0.2, and at the height of the outer layer y /δ≒0.5, is shown in Fig. 5 . The abrupt increase in turbulent quantities at the trailing edge can be considerably suppressed by the splitter plate, even if the shortest one (l / h＝0.3) is used. Then, in the inner layer at the trailing edge, u rms /U e is switched to decrease for l / h≧0.3, and v rms /U e and -20uv /U e 2 are switched to decrease for l / h≧1. On the other hand, in the outer layer, a decreasing tendency in turbulent quantities at the trailing edge can be seen even in the case with a relatively shorter splitter plate. Here, we examine the abovementioned tendency for turbulent quantities to change in connection with the mean velocity field. The streamwise decrease in u rms /U e near the wall as seen in Fig. 2 was caused by the decrease in u rms itself because U e was adjusted so as to be approximately constant. In the present flow field, the static pressure in the boundary layer near the trailing edge decreases toward the trailing edge, i.e., there exists a strong favorable pressure gradient near the wall (velocity excess (1) ). The results of Blackwelder and Kovasznay (8) on an ordinary accelerating flow, i.e., "the absolute level of the velocities and stress were approximately constant along a mean streamline" while "the relative levels were decreasing", differ from our results near the trailing edge of a long flat plate. The tendency for turbulent quantities to increase when approaching a separation in the boundary layer under the adverse pressure gradient reported by Indinger et al. (9) , seems to parallel our result indicating the tendency for turbulent quantities to decrease. Moreover, based on the definition of streamline curvature by Shizawa and Honami (10) , the time-averaged streamline in the boundary layer just upstream of the trailing edge on our long flat plate curves to the surface side of the flat plate and has a positive curvature. Therefore, the decrease in the turbulent quantities on our long flat plate may be explained by referring to the experimental results in which the turbulent quantities increase over a concave wall (10) , and decrease over a convex wall (11) .
Production Terms of Turbulent Energy
The turbulent energy equations in the streamwise and normal components for an incompressible two-dimensional steady flow are:
where V is the normal mean velocity, ρ is the fluid density, p is the fluctuating pressure, and ε u and ε v are the streamwise and normal pseudo-dissipation, respectively. The first and second terms on the right-hand side of Eqs. (1) and (2) are the production terms of the turbulent energy. The Reynolds shear stress equation for an incompressible two-dimensional steady flow is: 
where ε uv is the pseudo-dissipation term of the Reynolds shear stress. The first and second terms on the right-hand side of Eq. (3) are the production terms of the Reynolds shear stress. Figure 6 shows non-dimensionalized production terms of the turbulent energy and of the Reynolds shear stress at the height of the inner layer y / h≒0.14 (y /δ≒0.1). Here, in the turbulent energy equations, in addition to the dominant terms we also calculated the production terms due to additional rates-of-strain, since the marked acceleration tendency we reported earlier (1) became clear. In the same manner, the production term of additional rates-of-strain in addition to the dominant term in the Reynolds shear stress equation was calculated. First, we examine the production terms of u 2 . At x / h＝-20, regardless of the installation of the splitter plate, the value of the dominant term, -(h / U e 3 ) uv∂U/∂y (term A) is about 0.001, while the magnitude of the term of additional rates-of-strain -(h / U e 3 ) u 2 ∂U/∂x (term B), is less than 1% of the former one. This signifies the good two-dimensionality of the present flow fields at this position similar to the well-achieved turbulent boundary layer under the zero pressure gradient of Osaka et al. (6) . Thus, the contribution of the latter term is negligible as in an ordinary turbulent boundary layer. At the downstream range after x / h＝-10, independent of the installation of the splitter plate, terms A and B start to decrease slightly, then decrease remarkably approaching the trailing edge on the whole. This coincides with the decreasing tendency of u rms /U e as seen in the previous section approaching the trailing edge.
As for the change with l / h, the sum of the production terms A and B of u 2 and the undermentioned sum of the production terms of uv can be classified into l / h＝0, 0＜l / h＜ 1 and l / h≧1 according to their magnitude. 
Second, we investigate the production terms of v 2 . At x / h＝-20, independent of the installation of the splitter plate, the sum of the dominant term -(h / U e 3 ) v 2 ∂V/∂y (term C) and the term of additional rates-of-strain
is approximately 0. The sum takes a positive value, although small, approaching the trailing edge. This is the inverse of the slight decreasing tendency of v rms /U e as seen in the previous section approaching the trailing edge.
Last, we examine the production terms of uv. At x / h＝-20, the value of the dominant term -(h / U e 3 ) v 2 ∂U/∂y (term E) is about -0.0013, and its absolute value is on the same order as term A. At the same position, the magnitude of the term of additional rates-of-strain -(h / U e 3 ) u 2 ∂V/∂x (term F) is approximately 0. In the downstream range after x / h＝-10, regardless of the installation of the splitter plate, the sum of the production terms of uv starts to increase slightly (absolute value decreases), then increases remarkably approaching the trailing edge. This coincides with the decreasing tendency of -20uv / U e 2 as seen in the previous section approaching the trailing edge.
Note that the variation in each production term by changing l / h can not be seen at the height of the outer layer, e.g., y /δ≒0.5 (data not shown). In addition, we checked the effects of the periodic velocity fluctuations based on the frequency of a Karman vortex street (2) on the turbulent energy production. The contribution of the periodic velocity fluctuations is negligible compared with that of the non-periodic velocity fluctuations even at the trailing edge, both in the inner and outer layers of the boundary layer.
Comparison with Related Flow Fields
Since the tendency for turbulent quantities to vary in the boundary layer near the trailing edge of the long flat plate was made clear in §3.1, let us make a comparison with similar flow fields. As mentioned in the Introduction, the flow field in the case of l / h≧3 is similar to a flow past a backward-facing step. Because in the case of l / h≧3, the dividing streamline from the corner of the trailing edge attaches to the splitter plate surface (2) . The elucidation of the turbulent quantity distribution before separation at the trailing edge is important because it gives the initial condition or decides the calculation region required in computational fluid dynamics. No detailed explanation is found in the literature regarding change in turbulent quantities before flow separation, e.g., a backward-facing step flow. (4) Backward
Step (12) Backward
Step (13) Figure 7 shows streamwise variation in turbulent quantities at y /δ≒0.1, the Reynolds number based on the momentum thickness R θ and the static pressure coefficient at the wall C pw . The present result is for the case of l / h＝3, and the static pressure C p (1) at y /δ≒0.1 is used instead of C pw . Figure 7 contains the data from Rinoie et al. (4) , Westphal et al. (12) (except for v rms and -uv) and Isomoto and Honami (13) (except for turbulent quantities), which are backward-facing step flows. The result on our long flat plate shows a decrease in u rms / U e and -uv / U e 2 , while v rms / U e is kept almost constant at the separation point (x / h＝0). This coincides with the result of Rinoie et al. (4) on a backward-facing step. Here, based on the result of Osaka et al. (6) on flow over a smooth wall under the zero pressure gradient, turbulent quantities decrease at the height of the inner layer of the developed boundary layer as R θ increases. This tendency coincides with that of Westphal et al. (12) in contrast to the results from a present long flat plate (1) and that of Rinoie et al. (4) on a backward-facing step, subjected to a favorable pressure gradient. In addition, the pressure coefficient for all experimental flow fields, shown in Fig. 7 , decreases before separation.
Conclusions
We studied the effects of splitter plates on turbulent quantities on a turbulent boundary layer developing on a long flat plate near the trailing edge. We conclude the following: (1) Without the splitter plate, the peak values of the rms fluctuating velocity and the Reynolds shear stress in the inner layer decreased when approaching the trailing edge of the flat plate (x / h＝0) at the downstream range after x / h＝-10, compared with that in the fully-developed turbulent boundary layer under the zero pressure gradient. The curvature of the separated streamline may explain the decrease in the turbulent quantities. The turbulent quantities, however, increased in the vicinity of x / h＝0. (2) With the splitter plate, there still exists the decrease in the turbulent quantities along with x. On the other hand, a remarkable increase in the turbulent quantities at x / h＝0 was suppressed by the installation of the splitter plate. The effect of l / h on turbulent quantities appeared just upstream of x / h＝0 upon close comparison, and was classified into two groups: l / h＜1 and l / h≧1. (3) The decreasing tendency of the production terms for u 2 and -uv approaching x / h＝ 0 coincided with the decrease in the streamwise turbulent intensity u rms / U e and in the Reynolds shear stress-uv / U e 2 .
(4) The decrease in turbulent quantities along with x in the case of l / h＝3 coincided with that of the backward-facing step.
